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a  b  s  t  r  a  c  t
Lipid-A  was  isolated  by  mild  acid  hydrolysis  from  lipopolysaccharides  extracted  from  cells  of  Herbaspir-
illum  seropedicae,  strain  SMR1,  and  from  two  mutants  deﬁcient  in  the  biosynthesis  of  rhamnose
(rmlB− and  rmlC−). Structural  analyzes  were  carried  out  using  MALDI-TOF  and  derivatization  by
per-O-trimethylsilylation  followed  by  GC–MS  in  order  to  determine  monosaccharide  and fatty  acid  com-eywords:
iazotrophic bacteria
lant–microbe interaction
ipopolysaccharide
position.  De-O-acylation  was  also  performed  to determine  the  presence  of N-linked  fatty  acids.  Lipid-A
from H. seropedicae  SMR1  showed  a major  structure  comprising  2-amino-2-deoxy-glucopyranose-
(1  → 6)-2-amino-2-deoxy-glucopyranose  phosphorylated  at  C4′ and  C1 positions,  each  carrying  a  unit
of 4-amino-4-deoxy-arabinose.  C2 and  C2′ positions  were  substituted  by  amide-linked  3-hydroxy-
dodecanoic  acids.  Both  rhamnose-defective  mutants  showed  similar  structure  for  their  lipid-A  moieties,
except  for  the  lack  of  4-amino-4-deoxy-arabinose  units  attached  to  phosphoryl  groups.
© 2012 Elsevier B.V. Open access under the Elsevier OA license. . Introduction
Herbaspirillum seropedicae is an endophytic nitrogen-ﬁxing bac-
erium which associates with several important agricultural plants
uch as rice, maize, wheat, sorghum and sugarcane [1].  The inter-
ction process of H. seropedicae with poaceous crops initiates with
ttachment of the bacteria to root surfaces, followed by coloniza-
ion of the emergence points in secondary roots and penetration
hrough discontinuities of the epidermic tissue. Intercellular spaces
re then rapidly occupied, along with the colonization of root
ylem, aerenchyma end aerial parts [2,3]. Even though large num-
er of H. seropedicae cells are found inside plant tissues [4,5], the
olecular mechanism for colonization is not yet fully understood.
ince lipopolysaccharides (LPS) are the outermost component of
he outer membrane in Gram-negative bacteria, they are com-
only involved in the communication between bacteria and their
osts. In plant–bacterium interactions, bacterial surface compo-
ents are involved in early stages of the plant colonization process
nd the attachment step is dependent on the bacterial cell enve-
ope [6].  In Rhizobiaceae nodulating diazotrophs, LPS are known to
∗ Corresponding author at: Universidade Federal do Paraná, Setor Litoral, Matin-
os, PR 83260-000, Brazil. Tel.: +55 41 3361 1577.
E-mail address: rvserrato@ufpr.br (R.V. Serrato).
141-8130 © 2012 Elsevier B.V. 
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Open access under the Elsevier OA license. play an important role during bacterial invasion and nodule for-
mation [7–9], and structural modiﬁcations may cause deformed
nodules, incapability of nitrogen ﬁxation or even halt colonization
altogether [10,11]. The participation of LPS on the plant–microbe
interaction has also been demonstrated for non-symbiotic bacteria
of the genus Agrobacterium [12], Pseudomonas [13] and Azospirillum
[14]. Rhamnose is a monosaccharide frequently found in LPS struc-
tures. The bacterial biosynthesis pathway of rhamnose requires
the product of four genes: rfbA (coding for glucose-1-phosphate
thymidylytransferase, rfbB (dTDP-glucose 4,6-dehydratase), rfbC
(dTDP-4-keto-6-deoxy-glucose 3,5-epimerase) and rfbD (dTDP-4-
keto-rhamnose reductase). For several bacteria these genes are
found in a cluster that contains other genes necessary to LPS
biosynthesis [15]. Disruption of rhamnose biosynthesis in several
Gram-negative bacteria has affected the composition and structure
of lipopolysaccharides. Patterns on plant colonization of Azospiril-
lum brasilense and Azorhizobium caulinodans were severely affected
by the knock-out of rfb genes [16–18].  Furthermore, it has been
recently reported that the integrity of rfbB and rfbC genes in H. sero-
pedicae is necessary for efﬁcient colonization of maize roots [19].
In this work we have determined the structure of the lipid-A
portion of the lipopolysaccharide isolated from a wild-type strain of
H. seropedicae, SMR1, and related with structural differences found
for two mutants impaired in the biosynthesis of rhamnose, namely
RAMEBB (rfbB−) and RAMEBC (rfbC−).
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.1. Mutagenesis and growth of bacterial strains
Bacterial strains used in this work and their relevant characteris-
ics have been previously described [19]. The H. seropedicae mutant
trains RAMEBB and RAMEBC contiain a EZ:Tn5〈TET-1〉  transposon
nsertion into rfbB and rfbC, respectively, of the wild type SMR1
train. All strains were grown at 30 ◦C and shaken at 120 rpm in
FbHPN liquid medium [20]. Antibiotics were added at the follow-
ng concentrations when required: tetracycline (Tc) 10 mg  ml−1;
treptomycin (Sm) 80 mg  ml−1. After growth for 48 h, cells were
arvested by centrifugation, washed thrice with 0.9% NaCl and then
ith water before freeze-drying.
.2. Lipopolysaccharide extraction and lipid-A separation
Dried cells (4.5 g) were suspended in 80 mL of distilled water
nd heated up to 65 ◦C. Pre-warmed 90% phenol was added (80 mL)
nd suspension was kept at 65 ◦C for 20 min  under stirring [21].
xtraction was repeated in the same conditions after phenol phase
as recovered by centrifugation and added to 50 mL  of pre-
armed water. Aqueous and phenol phases were recovered by
entrifugation and combined before exhaustive dialysis was car-
ied out (3500 Da MWCO  membrane) against distilled water [22].
ipopolysaccharides extracted in phenol phase were freeze-dried
nd 10 mg  were submitted to mild hydrolysis with 1.0 mL  of 2%
H3COOH at 100 ◦C under stirring until a precipitate could be
bserved (30–45 min). Samples were then cooled in ice bath for
0 min  and centrifuged to recover lipid-A-containing precipitate
23], which was then washed thrice with water and freeze dried
or chemical and structural analyzes.
.3. DOC-PAGE
Electrophoretic analysis of LPS was performed using a 18%
olyacrylamide gel with a 4% stacking gel. Before applying the sam-
les, a pre-run was carried out for 20 min  (30.0 mA,  400 V) with a
unning buffer containing glycine (21.7 g L−1), Tris-base (4.5 g L−1)
nd deoxycholic acid (DOC) (2.5 g L−1) as described [24]. From
 10 mg  mL−1 stock solution, each LPS sample (5 L) was  mixed
ith sample buffer (1:1, v/v) containing Tris-base (150 g L−1), glyc-
rol (100 g L−1) and bromophenol blue (250 g mL−1), and 1 L
as submitted to electrophoretic run for 45 min. Gels were ﬁxed
vernight in a 40% ethanol solution with 5% acetic acid contain-
ng 0.005% alcian blue [25]. After rising with distilled water, gels
ere treated with 0.7% sodium periodate for 10 min, exhaustively
ashed in deionized water and immersed in 10% AgNO3 (Bio-Rad
ilver) for 10 min. Development was carried out using Bio-Rad
eveloper (57 mg  mL−1) and the reaction was  halted after 5 min
ith 5% acetic acid followed by rinsing with distilled water [26].
.4. Chemical methods and derivatization
Lipid-A samples (1 mg)  were submitted to de-O-acylation by
reatment with anhydrous hydrazine (500 L) for 90 min  at 40 ◦C
27]. After cooling to room temperature, 1 mL  of acetone was added
o aid evaporation under a nitrogen stream. De-O-acylated lipid-A
as recovered on aqueous phase after partition with CHCl3:H2O
1:1, v/v).
Dephosphorylation of lipid-A was performed by treating sam-
les (2 mg)  with 48% hydroﬂuoric acid (400 L) at 4 ◦C under
tirring for 48 h (using sealed polypropylene tubes). Samples were
hen brought to dryness under a nitrogen stream for several hours
ith frequent additions of isopropyl alcohol to aid acid evaporation
27]. Samples were then freeze dried.gical Macromolecules 51 (2012) 384– 391 385
Monosaccharide and fatty acid composition of lipid-A samples
was determined after per-O-trimethylsilyl derivatization. Samples
(500 g) were ﬁrst submitted to methanolysis with 1 M HCl:MeOH
for 18 h at 80 ◦C. After drying, 1 mL  of Ac2O–piridine (1:1, v/v) was
added and tubes were placed at 100 ◦C for 1 h. The material was
then cooled on ice bath for 10 min  and brought to dryness under
a nitrogen stream. Tri-sil (500 L) was added and the reaction
occurred at 80 ◦C for 20 min  [28]. Per-O-trimethylsilyl glycoside
derivatives (TMS-glycosides), fatty acid methyl esters (FAMEs) and
trimethylsilyl fatty acid methyl esters (TMS-FAMEs) were recov-
ered after dissolution of the dry material in hexane prior to gas
chromatography and mass spectrometry analysis (GC–MS).
2.5. GC–MS and MALDI-TOF
TMS-glycosides, FAMEs and TMS-FAMEs were analyzed by a gas
chromatograph HP 5890 GC equipped with a DB-1 capillary column
coupled to an ion trap 5970 MSD  mass spectrometer. Temperature
ramp set up was: 50 ◦C for 2 min, raising to 160 ◦C at 20 ◦C min−1,
immediately risen to 200 ◦C at 2 ◦C min−1 and then to 250 ◦C at
10 ◦C min−1.
Lipid-A, de-O-acylated lipid-A and dephosphorylated lipid-A
were submitted to matrix assisted laser desorption ionization
(MALDI) coupled to a time of ﬂight (TOF) analyzer (Applied Biosys-
tems Voyager-DE). Samples (1 g) were dissolved in MeOH:CHCl3
(3:1, v/v) and mixed with 0.5 M methanolic solution of 2,4,6-
tetrahydroxyacetophenone (THAP). Spectra were acquired in the
negative reﬂective mode with acceleration voltage of 25 kV and
extraction time of 50 ns. Samples were ionized by N2 laser (337 nm)
and spectra obtained represent an average of 50 pulses per acqui-
sitions. Angiotensin I (Sigma–Aldrich) was used as calibration
standard (m/z 1296.5).
3. Results
Fractions obtained after phenol–water extraction from H.  sero-
pedicae SRM1 and from both rfb mutants (RAMEBB and RAMEBC)
were submitted to DOC-PAGE analysis revealing that phenol phase
had most of the LPS extracted from each strain. SMR1 showed a
typical ladder-like pattern for its LPS while both mutants had sim-
ilar distribution of their bands (Fig. 1). Differences between the
wild-type strain and the mutants are evident when high molecular
weight (HMW)  bands are analyzed. These bands shown in SMR1
represent LPS with different degrees of polymerization for the O-
antigen polysaccharide, which is formed by several oligosaccharide
repeating units. The LPS of mutant strains apparently lack the O-
antigen, and the low molecular weight (LMW)  bands (lipid-A plus
core) showed an electrophoretic shift when compared wild-type
LPS proﬁle.
After mild hydrolysis of LPS, lipid-A fractions of all three strains
were analyzed for their monosaccharide and fatty acid composi-
tion. Per-O-TMS methyl glycosides were obtained as described and
showed the presence of 4-amino-4-deoxy arabinose (Ara4N) and
2-amino-2-deoxy glucose (GlcN) for the lipid-A of H. seropedicae
SMR1 in a molar ratio of 1:1. Both RAMEBB and RAMEBC had GlcN
as expected, since this is a basic unit of lipid-A in most bacteria.
However, Ara4N was  not detected, and units of heptose (d-glycero-
d/l-mannoheptose) were present in reasonable amounts. Fatty acid
composition presented differences when wild-type lipid-A is com-
pared to mutants. FAME and FAME-TMS derivatives showed that
hexadecanoic acid (C16:0) was  a major component for RAMEBB
and RAMEBC while 3-hydroxy-dodecanoic acid (3OH-C12:0) was
found in large amounts for SMR1. Small amounts of dodecanoic
acid (C12:0) and tetradecanoic acid (C14:0) were found for SMR1, in
contrast, mutant strains lacked C12:0 but had large amounts of C14:0.
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gig. 1. DOC-PAGE of LPS obtained after phenol–water extraction from cells of
.  seropedicae SMR1 and from rhamnose-deﬁcient mutants RAMEBB (rfbB−) and
AMEBC (rfbC−).
inally, 3-hydroxy-decanoic acid (3OH-C10:0) was found in reason-
ble amounts for SRM1, RAMEBB and RAMEBC. Table 1 resumes
he monosaccharide and fatty acid quantitation for the lipid-A of
ll strains analyzed.
Lipid-A of H. seropedicae SMR1 was analyzed by negative mode
ALDI-TOF using THAP as crystallization matrix. The spectrum
evealed high structural complexity, suggesting variability in fatty
cid positioning and hydroxylation, as well as structures lacking
ra4N and phosphoryl groups (Fig. 2). Signals found at m/z 1627,
611 and 1595 were assigned as hexa-acylated lipid-A structures
hile penta-acylated lipid-A was attributed to signals at m/z 1457,
441 and 1425. These signal clusters differ by 170 atomic mass
nits (a.m.u.), corresponding to the presence of 3OH-C10:0 in the
able 1
onosaccharide and fatty acid composition of lipid-A extracted from wild-type H.
eropedicae,  strain SMR1, and from two mutant strains deﬁcient in the biosynthesis
f  rhamnose: RAMEBB (rfbB−) and RAMEBC (rfbC−).
Derivativesa Lipid-A
SMR1 RAMEBB RAMEBC
C12:0 2.6 – –
3OH-C10:0 9.8 5.8 3.3
C14:0 1.8 19.2 17.8
3OH-C12:0 48.7 20.6 21.6
Ara4N 6.5 – –
C16:0 26.2 47.5 46.6
Hep – 4.4 6.5
GlcN 4.4 2.5 4.2
alues are expressed as relative percentage according to peak area obtained in
C–MS chromatograms.
a Monosaccharides were analyzed as per-O-TMS glycosyl derivatives and fatty
cids were analyzed as TMS-FAME derivatives. Dodecanoic acid (C12:0); 3-hydroxy-
ecanoic acid (3OH-C10:0); tetradecanoic acid (C14:0); 3-hydroxy-dodecanoic acid
3OH-C12:0); hexadecanoid acid (C16:0); 4-amino-4-deoxy arabinose (Ara4N);
lycero-d/l-manno heptose (Hep); 2-amino-2-deoxy-glucose (GlcN).gical Macromolecules 51 (2012) 384– 391
hexa-acyl-lipid-A. The 16 a.m.u. difference found for signals inside
each cluster was attributed to the loss of an oxygen atom, sug-
gesting the substitution of hydroxylated by linear fatty acids in
both hexa- and penta-acylated structures. Dephosphorylation was
also found when an 80 a.m.u. difference was  observed. Signals
increased with 131 a.m.u. were attributed to Ara4N-containing
structures. From these results, the higher molecular ion found at
m/z 1757.8 was assigned as the complete hexa-acylated lipid-A
structure for the wild-type strain, and was determined as Ara4N-
PO3-GlcN-(1 → 6)-GlcN-PO3-Ara4N with both GlcN units bearing
an amide-linked 3OH-C12:0.(ester-linked fatty acid positions were
not determined). MALDI-TOF results obtained for the lipid-A of
RAMEBB and RAMEBC were identical and the representative spec-
trum for both is shown in Fig. 3. Molecular ion signal proﬁle
differs greatly from the wild-type strain as two  main signals are
found at m/z 1389 and 1192, being the 198 a.m.u. difference com-
patible with the loss of 3OH-C12:0. It is also possible to observe
the loss of oxygen atoms (16 a.m.u.) inside signal clusters, as
well as differences of 28 a.m.u., which indicates substitution by
(CH2 CH2) shorter chain fatty acids (i.e.: CH3 (CH2)x COOH
by CH3 (CH2)x-2 COOH).
Lipid-A samples were then submitted to de-O-acylation after
treatment with hydrazine for removal of ester linked fatty acids.
Monosaccharide and fatty acid composition of SMR1 de-O-acylated
lipid-A gave rise to GlcN, Ara4N and 3OH-C12:0. This evidence
led to the assignment of 3-hydroxy-dodecanoic acid as the amide
linked substitute in both 2-amine-2-deoxy glucose units, this
being conﬁrmed by the MALDI-TOF spectrum obtained for this
sample (Fig. 4). A main signal found at m/z  896 shows the
de-O-acylated lipid-A structure lacking both Ara4N units. These
can be found observing the 131 a.m.u. differences up to signals
m/z 1027 and 1158, respectively. Dephosphorylated molecular
species were also observed at m/z 947 and 816. Both mutant
de-O-acylated lipid-A had 3OH-C12:0 as the only fatty acid com-
ponent. Once again, heptose was found in the monosaccharide
composition together with GlcN. MALDI-TOF spectra for de-O-
acylated lipid-A of RAMEBB and RAMEBC showed signals at m/z
896, corresponding to 2-amino-2-deoxy-glucopyranose-(1 → 6)-
2-amino-2-deoxy-glucopyranose phosphorylated at C4′ and C1
positions and with two amide linked 3OH-C12:0, and m/z  816,
attributed to the corresponding dephosphorylated molecular ion
(−80 a.m.u.).
Chemical dephosphorylation was carried out after hydroﬂuoric
acid treatment of SMR1, RAMEBB and RAMEBC lipid-A. Negative
mode MALDI-TOF spectra of all three strains were identical, and
showed a single signal at m/z 736, being attributed to GlcN-(1 → 6)-
GlcN-ol, each unit containing an N-linked 3-hydroxy-dodecanoic
acid attached.
Fig. 5 shows a summary of the ionic species found for the de-
O-acylated lipid-A of H. seropedicae SMR1. Ions that were present
in spectra obtained for the de-O-acylated lipid-A of both mutant
strains assigned accordingly.
4. Discussion
Plant–microbe interactions occur widely and it has been demon-
strate that bacterial surface components play a key role in the
process of root attachment and molecular recognition for sym-
biosis establishment. As a major constituent of the outer leaﬂet
on external membranes of Gram-negative bacteria, lipopolysac-
charides structural and chemical properties have been extensively
studied in order to understand how these molecules participate in
the molecular communication between bacteria and their hosts.
We  have previously reported that disruption of genes related to
the rhamnose biosynthesis in H. seropedicae affect colonization in
R.V. Serrato et al. / International Journal of Biological Macromolecules 51 (2012) 384– 391 387
Fig. 2. Negative mode MALDI-TOF spectrum of the lipid-A from H. seropedicae SMR1. Dashed lines represent signal clusters and arrows indicate mass difference found
between  clusters. Insert shows in detail the mass difference found for signal cluster attributed to hexa-acyl lipid-A.
Fig. 3. Negative mode MALDI-TOF spectrum of the lipid-A from both rhamnose-deﬁcient mutants of H. seropedicae (RAMEBB and RAMEBC). Dashed lines represent signal
clusters and arrows indicate mass difference found between clusters. Insert shows in detail the mass difference for the signal cluster in the spectrum.
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aFig. 4. Negative mode MALDI-TOF spectrum of de-O-acylated lipid-A from
aize roots [19]. It was then demonstrated that LPS composition
as drastically changed after genes rfbB and rfbC were knocked-out.
ince LPS of rhamnose-deﬁcient mutants seem to lack O-antigen
ortion, it is likely that changes in saccharide moiety increased cell
urface hydrophobicity and, consequently, decreased resistance to
etergents. This was observed when mutants were unable to grow
n medium supplemented with 0.5% SDS, unlike H. seropedicae wild-
ype strain, SMR1.
In this work, we have described the backbone structure of the
ipid-A component of the LPS from a wild-type strain of H. serope-
icae, SMR1, and from those two mutant strains, namely RAMEBB
rfbB−) and RAMEBC (rfbC−).
The lipid-A portion of LPS is constituted by a family of struc-
urally closely related but not identical phosphoglycolipids. Their
tructures may  differ in the type and number (one or two) of
mino-pyranohexose (HexpN) residues present in the backbone,
y the number, location, nature, size, and linkage of acyl residues,
y the nature of phosphate substituents, and by the degree of
hosphorylation of the backbone. Despite these variations, lipid-
 of different bacteria not only share many identical constituents,
ut also are constructed according to similar architectural princi-
les. Setting aside those few structures with uncommon backbone,
ipid-A generally contain a -(1 → 6)-linked disaccharide having
he d-gluco conﬁguration and pyranosidic d-glucosamine residues,
hich carry an -glycosidic and, at position C4′, a nonglycosidic
hosphate group. This lipid-A backbone is substituted at the amino
nd hydroxyl groups in positions 3′, 2′, 3 and 2 by (R)-3-hydroxy
atty acids, up to three of which are acylated at their 3-hydroxyl
roup by secondary fatty acids [29].
After chemical and spectrometric analysis, lipid-A structures
ound in the LPS of the wild-type strain of H. seropedicae
MR1, and both RAMEBB and RAMEBC mutants share the same
asic backbone structure after ester-linked fatty acids (de-O-
cylation) and phosphate groups (chemical dephosphorylation)ropedicae SMR1. Arrows indicate mass difference found between signals.
are removed: 2-amino-2-deoxy-glucopyranose-(1 → 6)-2-amino-
2-deoxy-glucopyranose, each of the GlcN residues bearing a
N-linked 3OH-C12:0. MALDI-TOF analyzes also revealed that, prior
to chemical dephosporylation, all three strains also carry phos-
phate groups at C1 and C4′ positions (m/z 896 in spectra), which
can also be considered a common structural feature between these
rhamnose-deﬁcient mutants and the wild-type strain. However,
when de-O-acylated lipid-A are analyzed, only H. seropedicae SMR1
LPS contains 4-amino-4-deoxy arabinose (Ara4N), and the presence
of this sugar unit is also observed in MALDI-TOF spectra by differ-
ence between key signals of 131 atomic mass units. Supported by
these results, we propose the structures shown in Fig. 6 as the lipid-
A moiety found for the LPS of wild-type H. seropedicae SMR1 and
the truncated lipid-A of both rmlB− and rmlC− mutants.
H. seropedicae is a plant-associated bacteria and has not been
described as a human pathogen. However, recent studies have
found other Herbaspirillum species infecting patients with cystic
ﬁbrosis [30]. Evidences that lipid-A palmitoylation is associated
with bacterial pathogenesis and affects microbe–host interactions
[31] might be related with the fact that both mutants of H. sero-
pedicae analyzed in this work show high amounts of C16:0 in their
lipid-A structures (Table 1), and are impaired to colonize their host
plants, in comparison to wild type strain [19]. Nonetheless, sec-
ondary linked fatty acid positioning was not determined in this
work, most lipid-A studied contain up to six acyl groups. Hexa-
acylated lipid-A is present in Enterobacteriaceae, but also in such
taxonomically more distant bacterial families as the Pseudomon-
adaceae [32] and the Neisseriaceae [33]. These lipid-A carry the
four primary 3-hydroxy fatty acids and two additional acyl groups
linked to hydroxyl groups of primary fatty acids. With respect
to the location of the secondary acyl groups, two types of lipid-
A may  be distinguished, namely, lipid-A having an asymmetric
(Escherichia coli type) and symmetric acylation pattern. Bacte-
ria belonging to the -Protobacteria class possess a symmetric
R.V. Serrato et al. / International Journal of Biological Macromolecules 51 (2012) 384– 391 389
F Arrow
a  and R
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d
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tig. 5. Molecular ions found for the de-O-acylated lipid-A of H. seropedicae SMR1. 
lso  present in spectra of de-O-acylated lipid-A from both mutant strains (RAMEBB
cylation pattern [34,35], a characteristic apparently preserved
n H. seropedicae with the presence of two amide-linked-3OH-
odecaoic acids in the structure proposed.
Uncommon lipid-A structures are reported for several bacterial
trains. The symbiotic nitrogen-ﬁxing Rhizobium leguminosarum
v. phaseoli biosynthesizes a nonphosphorylated lipid-A backbone
ontaining units of 2-amino-2-deoxy-gluconate, galacturonate and
lcN [36]. However, phosphorilation is widely found in lipid-A and
s very often accompanied by a wide range of substituents, and
he extent of phosphate substitution may  be inﬂuenced by growths indicate mass difference found between ions. Asterisks indicate signals that are
AMEBC).
conditions. It is possible that bacteria, depending on their physi-
ological demands, are able to add or omit ionic head-groups and
thereby regulate their net surface charge [37]. It is noteworthy that
most of the substituents on the phosphate, such as ethanolamine,
Ara4N and GlcN carry, at neutral pH, a positively charged amino
group. Their presence in the neighborhood of phosphate residues
may  be considered as a regulating factor, controlling the electro-
static interaction of negatively charged residues with such bivalent
cations as Ca2+ or Mg2+ of the surrounding medium. These ions
may  neutralize intermolecularly negative charges of lipid-A [38].
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re  not shown.
hese interactions, therefore, appear to be of great importance for
he stability and function of the bacterial outer membrane. More-
ver, it has been described that positively charged groups in lipid-A,
uch as Ara4N, signiﬁcantly contribute to the resistance of certain
ram-negative bacteria to antibiotics and polymyxin B [39]. In fact,
. seropedicae RAMEBB and RAMEBC rhamnose-deﬁcient strains
ere shown to be less resistant than SMR1 to polymixin B and
o salycilic acid up to 25 mg  mL−1 [19], a concentration which is
imilar to the amount accumulated in plant tissue during infection
16–23 mg  mL−1) [40] as a signal to plant defense in response to
athogen invasion.The biosynthesis of Ara4N and the mechanism of its attachment
o lipid-A have recently been elucidated. The process starts with
he oxidative decarboxylation of UDP-glucuronic acid followed
y transamination of the resulting UDP-4-ketopentose. These(A) and from rhamnose-deﬁcient mutants (B). Secondary fatty acids (ester-linked)
reactions steps are promoted by the product of Arn genes (ArnA
and ArnB respectively), and a further (ArnT) step attaches Ara4N
to the 4′-phosphate group of lipid-A [38]. Even though rhamnose-
related genes (such as rfbB and rfbC) are not directly involved in
Ara4N biosynthesis, pleiotropic effects may  occur since carbohy-
drate metabolism is directly affected by the disruption of these
genes. This might explain the lack of Ara4N units in the lipid-A
of RAMEBB and RAMEBC strains. Nonetheless, the unusual ﬁndings
of heptose in composition of mutant lipid-A, could be a resulting
effect of irregular LPS-core biosynthesis. Mild hydrolysis of LPS as
described is sufﬁcient to break the labile linkage between 3-deoxy-
d-manno-oct-2-ulosonic acid (Kdo) units from inner core with the
lipid-A portion in most LPS structures. We  have observed that LPS
from rfb mutants needed more time to hydrolyze the core-lipid-A
linkage (about 45 min) than the LPS from wild-type strain (about
f Biolo
3
c
t
A
d
C
E
R
R
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[R.V. Serrato et al. / International Journal o
0 min), suggesting that another monosaccharide unit (e.g.: Hep)
ould be directly linked to lipid-A in mutant strains, instead of the
raditionally found and much more labile Kdo.
cknowledgements
This work was supported by grants from Conselho Nacional
e Desenvolvimento Cientíﬁco e Tecnológico (CNPq), INCT-FBN.
hemical analysis was supported in part by Department of
nergy Grant DE-FG02-09ER20097 (to the Complex Carbohydrate
esearch Center).
eferences
[1] J.I. Baldani, V.L.D. Baldani, L. Seldin, J. Dobereiner, International Journal of Sys-
tematic Bacteriology 36 (1986) 86–93.
[2] E.K. James, P. Gyaneswar, N. Mathan, W.L. Barraquio, P.M. Reddy, P.P.M. Ian-
netta, F.L. Olivares, J.K. Ladha, Molecular Plant–Microbe Interactions 15 (2002)
894–906.
[3] R.A. Monteiro, M.A. Schmidt, V.A. Baura, E. Balsanelli, R. Wassem, M.G. Yates,
M.A.F. Randi, F.O. Pedrosa, E.M. Souza, Genetics and Molecular Biology 31
(2008) 932–937.
[4] E.K. James, F.L. Olivares, Critical Reviews in Plant Science 17 (1998) 77–119.
[5]  L.D.B. Roncato-Maccari, H.J.O. Ramos, F.O. Pedrosa, Y. Alquini, L.S. Chubatsu,
M.G. Yates, L.U. Rigo, M.B.R. Steffens, E.M. Souza, FEMS Microbiology Ecology
45  (2003) 39–47.
[6] W.J. Broughton, M.  Hanin, B. Relié, J. Kopcin˜ska, Journal of Bacteriology 188
(2006) 3654–3663.
[7] K.D. Noel, L.S. Forsberg, R.W. Carlson, Journal of Bacteriology 182 (2000)
5317–5324.
[8] G.R.O. Campbell, B.L. Reuhs, G.C. Walker, Proceedings of the National Academy
of  Sciences of the United States of America 99 (2002) 3928–3943.
[9] W.  DıˇHaeze, C. Leoff, G. Freshour, K.D. Noel, R.W. Carlson, Journal of Biological
Chemistry 282 (2007) 17101–17113.
10] R.W. Carlson, B. Reuhs, T.B. Chen, U.R. Bhatt, K.D. Noel, Journal of Biological
Chemistry 270 (1995) 11783–11788.
11] E.L. Kannenberg, R.W. Carlson, A. Lipid, Molecular Microbiology 39 (2001)
379–391.
12] A.G. Matthysse, Critical Reviews in Microbiology 13 (1986) 281–307.
13] L.A. De Weger, P.A.H.M. Bakker, B. Schippers, M.C.M. van Loosdrecht,B.J.J. Lugtenberg, in: B.J.J. Lugtenberg (Ed.), Signal Molecules in Plants and
Plant–Microbe Interactions, Springer, Berlin, Germany, 1990, pp. 197–202.
14] M. Eyers, J. Vanderleyden, A. Van Gool, FEMS Microbiology Letters 49 (1988)
435–439.
15] G. Samuel, P. Reeves, Carbohydrate Research 338 (2003) 2503–2519.
[
[gical Macromolecules 51 (2012) 384– 391 391
16] R. Rahim, L.L. Burrows, M.A. Monteiro, M.B. Perry, J.S. Lam, Microbiology 146
(2000) 2803–2814.
17] M.  Gao, W.  D’Haeze, R. Ryche, B. Wolucka, M.  Holsters, Molecular Plant–Microbe
Interactions 14 (2001) 857–866.
18] E. Jofré, A. Lagares, G. Mori, FEMS Microbiology Letters 231 (2004) 267–275.
19] E. Balsanelli, R.V. Serrato, V.A. Baura, G.L. Sassaki, G.M. Yates, L.U. Rigo, F.O.
Pedrosa, E.M. Souza, R.A. Monteiro, Environmental Microbiology 12 (2010)
2233–2244.
20] G. Klassen, F.O. Pedrosa, E.M. Souza, S. Funayama, L.U. Rigo, Canadian Journal
of  Microbiology 43 (1997) 841–846.
21] O. Westphal, K. Jann, Methods in Carbohydrate Chemistry 5 (1965) 83–91.
22] R.V. Serrato, G.L. Sassaki, L.M. Cruz, R.W. Carlson, A. Muszynski, R.A. Monteiro,
F.O. Pedrosa, E.M. Souza, M.  Iacomini, Canadian Journal of Microbiology 56
(2010) 348–351.
23] O. Lüderitz, O. Westphal, A.M. Staube, H. Nikaido, in: G. Weingaum, S.
Kadis, S.J. Ali (Eds.), Microbial Toxins, Academic Press, New York, 1971, pp.
145–233.
24] T. Komuro, C. Galanos, Journal of Chromatography 450 (1988) 381–387.
25] J. Corzo, R. Pères-Galdona, M.  Leòn-Barrios, A.M. Gutièrrez-Navarro, Elec-
trophoresis 12 (1991) 439–441.
26] C. Tsai, C.E. Frisch, Analytical Biochemistry 119 (1982) 115–119.
27] A. Silipo, R. Lanzetta, D. Garozzo, D. Cantore, P.L. Cantore, N.S. Iacobellis, A. Moli-
naro, M.  Parrilli, M.A. Evidente, European Journal of Biochemistry 269 (2002)
2498–2505.
28] W.S. York, A.G. Darvill, M.  McNeil, T.T. Stevenson, P. Albersheim, Methods in
Enzymology 118 (1985) 3–40.
29] U. Zähringer, B. Lindner, E.T. Rietschel, Advances in Carbohydrate Chemistry
and  Biochemistry 50 (1994) 211–391.
30] T. Spilker, A.Z. Uluer, F.M. Marty, W.W.  Yeh, J.H. Levison, P. Vandamme,
J.P.LiPuma, Journal of Clinical Microbiology 46 (2008) 2774–2777.
31] R.E. Bishop, Molecular Microbiology 57 (2005) 900–912.
32] V.A. Kulshin, U. Zähringer, B. Lindner, K.E. Jäger, B.A. Dmitriev, E.T. Rietschel,
European Journal of Biochemistry 198 (1991) 697–704.
33] V.A. Kulshin, U. Zähringer, B. Lindner, C.E. Frasch, C.M. Tsai, B.A. Dmitriev, E.T.
Rietschel, Journal of Bacteriology 174 (1992) 1793–1800.
34] E. Stackebrandt, R.G.E. Murray, H.G. Trüper, International Journal of Systematic
Bacteriology 38 (1988) 321–325.
35] H. Masoud, T. Urbanik-Sypniewska, B. Lindner, J. Weckesser, H. Mayer, Archives
of Microbiology 156 (1991) 167–175.
36] U.R. Bhatt, L.S. Forsberg, R.W. Carlson, Journal of Biological Chemistry 269
(1994) 14402–14410.
37] P.F. Mühlradt, V. Wray, V. Lehmann, European Journal of Biochemistry 81
(1977) 193–203.
38] M. Vaara, T. Vaara, M.  Jensen, I.M. Helander, M.  Nurminen, R.T. Tierschel, P.H.Mäkelä, FEBS Letters 129 (1981) 145–149.
39] W.E. Huang, L. Huang, G.M. Preston, M.  Naylor, J.P. Carr, Y. Li, A.C. Singer, A.S.
Whiteley, H. Wang, Plant Journal 46 (2006) 1073–1083.
40] C.R.H. Raetz, C.M. Reynolds, M.S. Trent, R.E. Bishop, Annual Review of Biochem-
istry 76 (2007) 295–329.
